This study examines the transport of 2-oxoglutarate (2-OG) and other dicarboxylates during ammonia assimilation in illuminated spinach chloroplasts. The transport of all dicarboxylates examined was strongly inhibited by NHICl preincubation in the light. Treatment 
The assimilation and recycling ofphotorespiratory NH3 during photosynthesis in C3 plants involve the transport of 2-OG4 and glutamate across the chloroplast envelope membrane (13, 23 Australia. 4Abbreviations: 2-OG, 2-oxoglutarate; GOGAT, glutamate synthase; GS, glutamine synthetase; MSO, L-methionine sulfoximine; CCCP, carbonylcyanide-m-chlorophenylhydrazone.
been shown that the evolution of 02 linked to NH3 assimilation in illuminated spinach (20, 23) and pea (8, 23) chloroplasts in the presence of 2-OG was stimulated by the dicarboxylates malate, succinate, fumarate, and glutarate. This stimulation is thought to be linked to increased transport of 2-OG into the chloroplast for NH3 assimilation (20, 23) . But the precise manner in which these dicarboxylates apparently stimulated the transport of 2-OG (and glutamate) in chloroplasts under conditions of NH3 assimilation is not known.
Various dicarboxylates, including 2-OG, malate, succinate, glutamate, and aspartate, were found to be specifically transported across the inner envelope of chloroplasts (14) . These studies showed that the transport of one dicarboxylate is competitively inhibited by the other. However, measurements of Km and Ki values suggest that the transport ofall these dicarboxylates could involve more that one translocator (or site) with overlapping specificities (14) . There are also apparently two different forms of aspartate transport in pea chloroplasts (19) . Furthermore, recent studies (16, 22) have shown that there is a specific site for 2-OG transport. Thus, the transport of 2-OG into and glutamate out of the chloroplast during (photorespiratory) NH3 fixation could potentially occur on separate translocators.
Ammonia is a potent inhibitor of 2-OG and dicarboxylate transport in chloroplasts in the light but not in the dark (22) . In this earlier study (22) we have suggested a probable role for NH3 in the regulation of dicarboxylate transport during NH3 assimilation in illuminated chloroplasts. The present study reexamined the causes of this inhibition and showed that the inhibition of dicarboxylate transport by NH3 was directly linked to its metabolism in the light. The results also indicated that rapid transport of 2-OG into and glutamate out of the chloroplast during NH3 assimilation was mediated by malate and apparently occurred on separate translocators. It is proposed that 2-OG is transported inward on a 2-OG translocator and glutamate outward on a dicarboxylate translocator with malate as the counter ion on both translocators in a cascade-like manner. This results in a 2-OG/glutamate exchange with no net exchange of malate.
MATERIALS AND METHODS
Measurement of Transport. Intact chloroplasts were isolated from spinach (Spinacia oleracea L.) leaves (7) and from 10-dold pea (Pisum sativum L.) seedlings (1) . Chloroplasts (0.1 mg Chl/ml) were resuspended in a medium containing 0.33 M sorbitol, 50 mM Hepes-NaOH (pH 7.6), 2 The ATP and ADP content were determined spectrophotometrically as described (6) . Chl content was determined according to Arnon (5).
RESULTS
In the light the transport of all dicarboxylates examined in isolated chloroplasts from spinach and pea leaves was inhibited by NH4C (Table I) . As shown by the results in Table II , the inhibition of 2-OG transport in the light was also observed with nitrite but not with nitrate or methyl ammonia. Inhibition by nitrite in the light could presumably be attributed to the ammonia produced during the photoreduction of nitrite in these chloroplast preparations. The additions of CCCP and high concentrations of DCMU (20 Mm) abolished the inhibitory effect of NH4C1 on succinate transport in the light (Table III) . In contrast, low DCMU concentration (2 Mm), which totaly inhibited linear Figure 1 shows that the addition of MSO during NH4Cl preincubation abolished the effect of NH4Cl inhibition on succinate uptake in untreated chloroplasts preparations (Fig.  la) and also in chloroplasts preloaded with glutamate (Fig. lc) . In contrast, the transport of succinate in chloroplasts preloaded with succinate was not greatly affected by NH4Cl preincubation. Consequently, MSO had only a minimal effect (Fig. lb) . In another experiment chloroplasts were initially preloaded with MSO for 6 min, washed, and then used for uptake studies. Dicarboxylate transport in these chloroplast preparations were found to be completely insensitive to NH4Cl inhibition in the light. Figure 2 Chioroplasts were preincubated with NU.Cl in the light for 6 min and the uptake of ['4C]glutamate (2 mM) was measured. Measuring time 20 s. The control rate was 37.5 ysmol/mg Chl-h. Samples for metabolite assays were takcen simultaneously.
ATP and involves GS activity (15) . However, only part (about 39%) of the total measured glutamate pool was converted to glutamine. Presumably, this represents the active and exchangeable pool. Apparently the remaining glutamate pool was not accessible for exchange or conversion. By comparison the malate and aspartate pools were quite small. In this particular experiment they were only about 7 and 27% of the size of the total measured endogenous glutamate pool. Figure 3 shows that the specific activity of the "C-label measured for the endogenous malate pool had reached, within 15 s, the specific activity of the [ (8, 20, 23) . We have suggested that these stimulations were linked to increased 2-OG transport (20, 23) . The observed inhibition of 2-OG transport in spinach chloroplasts by increasing concentrations of malate (Fig. 5) is consistent with results of earlier studies (14, 22) . However, preincubation of chloroplasts with malate was found to restore 2-OG transport activity inhibited by NH4Cl (Fig. 5a ). The extent of the activity restored was found to increase with the malate concentrations used. Preincubation of chloroplasts with malate in the absence of NH4Cl also greatly increased 2-OG transport activity. Under these conditions increasing malate concentration caused only a small decrease in transport activity. In both cases the transport activity obtained with malate preincubation greatly exceeded the activity obtained when malate was added together with the '4C-labeled substrate. The control rates of 2-OG transport in chloroplasts preloaded with either glutamate (Fig. 5a ) or malate in these experiments were 18.5 and 28.9 Amol-mg-' Chl -h-', respectively. Thus, the overall increase in transport activity observed in chloroplasts preincubated with malate was, in part, linked to increased endogenous malate pool. However, when the transport activities were expressed as a percentage of these control rates (Fig. 5b) it was found that the inhibition of 2-OG transport by malate was considerably less in chloroplasts preincubated with malate. It is evident that under these experimental conditions the uptake of 2-OG in exchange for glutamate (in glutamate-preloaded chloroplasts) and for malate (in malate-preincubated chloroplasts) were different and would apparently involve different transport The stimulatory effect ofmalate preincubation on 2-OG transport was observed at all concentrations of NH4Cl examined (Fig.  6 ). Furthermore preincubation with succinate, fumarate, and glutarate also increased 2-OG transport activity compared to the value obtained in the presence of NH4C1 alone (Table V) Figs. 1 and 2 ). Under these conditions the depletion of the endogenous glutamate pool leads to a decrease in the total exchangeable dicarboxylate pool in the chloroplast. Consequently, the uptake of exogenous substrate declines. The inhibition ofdicarboxylate uptake by NH4C1 (Table I) (Table II) which occurs only in the light could largely be attributed to the metabolism ofglutamate and NH3 in these chloroplast preparations. Hence, the addition of CCCP, high concentration (20 uM) of DCMU (Table III) or MSO (Fig. 1) , which inhibited the light-dependent synthesis ofglutamine from glutamate in the chloroplast, also abolished the inhibitory effect of NH4C1. Evidently the activity of dicarboxylate transport in isolated chloroplasts is highly dependent on the size and nature of the endogenous pools of exchangeable substrates present. The different transport activities measured in spinach and pea chloroplasts (Table I) Figure 2 was only 7 and 27% of the total measured endogenous glutamate pool compared to mean values of 25 and 50%, respectively. In this case, glutamate was apparently the predominant exchangeable dicarboxylate pool. Efflux of the endogenous glutamate pool during glutamate uptake is very rapid (Table IV) . Given these conditions a depletion of, primarily, the glutamate pool during glutamate uptake as observed in Figure 2 was not entirely unexpected. In contrast, a depletion of all the three endogenous dicarboxylate pools was a common feature in other experiments (e.g. Fig. 4) relative endogenous pool sizes ofmalate and aspartate were much higher. The above evidence shows that isolated spinach chloroplasts contain large pools of dicarboxylates. But not all of these metabolite pools could be easily exchanged (Fig. 3) . The reasons for this are not known, although it is conceivable that this may represent the component of the measured dicarboxylate pool bound to proteins and membranes in the chloroplast.
TWO-TRANSLOCATOR MODEL FOR DICARBOXYLATE TRANSPORT IN CHLOROPLASTS
The half-time measured for the depletion of malate, aspartate, and glutamate (Table IV) indicates that malate was the endogenous substrate most rapidly exchanged. In contrast the effiux of glutamate was slow. One consequence of this is that, in isolated chloroplasts, the uptake ofdicarboxylate other than malate would have an initial rapid phase which would be moderated by the proportions of the various endogenous dicarboxylate present. But once the exchangeable malate is depleted there would be a slower phase of uptake because of the slower exchangeable endogenous metabolite pool.
Conversely, any increase in the exchangeable malate pool could have an effect on the initial short-term transport activity in the chloroplast. The endogenous malate pool in spinach chloroplasts preincubated with 1 mm malate was found to increase from 136 nmol/mg Chl at 0 time to 203 and 269 nmol/ mg Chl after 1 and 10 min, respectively. Thus, the observed increase in 2-OG transport activity in chloroplasts preincubated with malate (Figs. 5 and 6; Table V) could at least, in part, be attributed to an increase in the endogenous malate pool. However, in the presence of high external malate concentrations the effect of malate as an inhibitor for 2-OG transport (14, 22) would predominate and the transport activities measured at these high malate concentrations, with or without malate preincubation, would be expected to be similar-provided all these transport processes occur by a single translocator. The fact that the measured 2-OG transport was greater with malate preincubation at high malate concentrations (Fig. 5) indicates that the above transport processes under conditions of malate preincubation are mediated by more than one translocator. The higher transport activity measured probably represents the sum of the activities of the translocators involved.
The above evidence indicates that the stimulatory effect of not only malate, but also succinate, fumarate, or glutarate on (NH3, 2-OG)-dependent 02 evolution in illuminated chloroplasts (8, 20, 23) It is now possible to describe the uptake of 2-OG and the export of glutamate during NH3 assimilation in illuminated chloroplasts by a two-translocator model involving the 2-OG translocator and the previously described dicarboxylate translocator as outlined in Figure 8 . In this model of counter exchange transport, the transport of 2-OG on the 2-OG translocator and that of glutamate on the dicarboxylate translocator are coupled to malate transport in a cascade-like manner. Such a transport system leads to a net 2-OG/glutamate exchange without net malate uptake and an imbalance in charge distribution across the envelope membrane. Presumably a proton symport or a hydroxyl antiport would also be involved to offset this charge imbalance.
Under conditions of NH3 assimilation in isolated chloroplasts a depletion of both the endogenous malate and glutamate pools via GS activity (Fig. 2) would occur during 2-OG uptake. But as long as the malate pool is replenished, the rapid transport of 2-OG on the 2-OG translocator would continue, and subsequently, replenish the glutamate pool through GOGAT activity-thus ensuring that the rapid export of glutamate is maintained. Evidently, the rapid transport of 2-OG into and glutamate out of the chloroplast operates in a push-and-pull manner and is apparently self-regulatory once the twin conditions of endogenous malate and glutamate pool replenishment are met. Therefore the coupling of malate transport to both the 2-OG and dicarboxylate translocators constitutes an integral part of the transport system for 2-OG and glutamate during NH3 assimilation.
In the absence of exogenous malate, the uptake of 2-OG in isolated chloroplasts would rapidly exhaust the exchangeable endogenous malate pool, and (as discussed above) 2-OG transport would subsequently decline. This would presumably decrease glutamate regeneration via GS/GOGAT activity which has been shown to require 10 to 20 mm glutamate for optimum activity (4) . Indeed the time course of (NH3, 2-OG)-dependent 02 evolution in isolated spinach chloroplasts shows that there was a rapid decline in 02 evolution as NH3 assimilation proceeded in the light (see Fig. 8 The proposed two-translocator model as described above helps to resolve many of the discrepancies reported in studies associated with general dicarboxylate transport and (NH3, 2-OG)-dependent 02 evolution in isolated chloroplasts. These include: (a) the overlapping specificity ofdicarboxylate transport (14) ; (b) the presence of a distinct site for 2-OG transport (16, 22) ; (c) the effect of malate, succinate, fumarate, and glutarate stimulation of (NH3, 2-OG)-dependent 02 evolution (8, 20, 23) ; (d) the decline in (NH3, 2-OG)-dependent 02 evolution after an initial rapid phase (23) ; and (e) the malate stimulation on (NH3, 2- OG)-dependent 02 evolution in intact chloroplasts but not on (Gln, 2-OG)-dependent 02 evolution in a reconstituted chloroplast system (3) .
In addition, the two-translocator model may also be used to explain the high rates of (Asp, 2-OG)-dependent 02 evolution observed in isolated chloroplasts (4) . If there was only one translocator involved for the transport ofall these dicarboxylates, aspartate would strongly inhibit 2-OG transport. But in a twotranslocator system both aspartate and 2-OG could be transported rapidly into the chloroplast via the dicarboxylate and 2-OG translocators, respectively. Transamination of the transported aspartate and 2-OG and the subsequent reduction of the OAA formed by NADP-malate dehydrogenase (2) in the chloroplast would replenish the endogenous malate pool. Consequently rapid transport of 2-OG via the 2-OG translocator would be maintained.
The transport of many dicarboxylates in plant and animal mitochondria involves several translocators which apparently function in a cascade-like manner (1 1, 12) . But this is the first time that such a system has been proposed to occur for dicarboxylate transport in chloroplasts. In plant cells malate would be the physiological metabolite associated with the transport of 2-OG and glutamate across the chloroplast envelope during ammonia assimilation. The concentration of malate needed to fully restore 2-OG transport activity in chloroplasts in the light, in the presence of NH4C1, was about 2 mM (Fig. Sa) by exogenous aspartate and glutamate (20) . These malate concentrations are comparable to values of about 2 to 5 mm measured in the chloroplast and cytosolic compartments in illumipated spinach leaves (10) . Thus a role for malate as indicated in Figure 8 is both physiologically feasible and essential for the transport of 2-OG and glutamate in the chloroplast during photorespiratory NH3 assimilation in C3 leaves.
Nevertheless, the counterexchange of malate and glutamate on, the dicarboxylate translocator (Fig. 8 ) is expected to be sensitive to inhibition by other dicarboxylates, e.g. glutamate, 2-OG, and aspartate. The magnitude of these inhibitions under in vivo conditions could be estimated. A cystosolic content of glutamate and aspartate in illuminated spinach leaves of 3.6 and 11.4 mM, respectively, has been reported (9) . We have determined the kinetic constants of these dicarboxylates for the dicarboxylate translocator in spinach chloroplasts preloaded with glutamate (UI Flugge, KC Woo, HW Heldt, unpublished data). Using the above values and assuming a cytosolic concentration of 0.5 mm 2-OG, the rate of malate and 2-OG transport via the dicarboxylate translocator was calculated to be 13 to 26 and 8 jsmol/mg Chl.h, respectively. Thus, in the light, the in vivo transport (via the dicarboxylate translocator) calculated for malate is 2 to 3-fold greater than that estimated for 2-OG. The higher values obtained for malate are comparable to the values estimated for glutamate export during photorespiratory NH3 recycling (23) . Under the same conditions in vivo transport of 2-OG via the dicarboxylate translocator will be greatly restricted. But 2-OG transport on the 2-OG translocator is rapid and has been determined to be 50 to 100 smol/mg Chl.h (UT Flugge, KC Woo, HW Heldt, unpublished data). These calculations show that the proposed two-translocator model (Fig. 8) for 2-OG and glutamate transport during ammonia assimilation is feasible and essential. It represents, in our view, the manner in which the rapid transport of 2-OG and glutamate on different translocators is maintained for photorespiratory NH3 assimilation and recycling in C3 leaves in vivo.
